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Abstract. Triphenylenes containing six side-chains 0(C H 2)nCH3, n = 3 -5 , have been prepared and 
doped with iodine. The compounds show mesophases which have been characterised by differential- 
scanning calorimetry and small-angle X-ray scattering. Samples doped with iodine show an electrical 
conductivity of 10_ 4- 10~3 Q " 1 • m " \  which is slightly higher in the columnar mesophase than in the 
other phases.
Introduction
Research in the field of electron and ion conduction in 
organic materials is currently a topic of great interest. In the 
recent literature, for example, conduction in stacks of 
phthalocyanine rings1, in crown ether rings2 and in linear 
chains of platinum complexes has been reported3. Conduc­
tivity in these systems is usually measured in the crystalline 
phase, however crystals have the disadvantage of being 
difficult to process. Liquid crystalline compounds in their 
mesophase, on the other hand, are easier to handle but 
usually show a low conductivity. However, there are some 
exceptions, such as a substituted 4-(4//-thiopyran- 
-4-ylidene)-4//-thiopyran complexed with tetracyanoquinodi- 
methane4 which shows conductivity and a porphyrin deriva­
tive which shows photoconductivity5 in the mesophase. 
Hexaalkoxytriphenylenes with suitably long chains exhibit 
so-called columnar mesophases6'8. Chiang et al.9 showed 
that hexapentoxytriphenylene doped with bromine has semi­
conducting properties in aligned single crystals. Since we 
were interested in the liquid-crystalline behaviour of sub­
stituted triphenylenes10, we thought it would be of interest 
to study the electrical properties of hexaalkoxytriphenylenes 
in their columnar mesophases. The intermolecular distance 
in the columns (0.36 nm )8 permits 7t-orbital overlap between 
neighbouring aromatic rings. We speculated that tri­
phenylenes doped with a suitable electron acceptor would 
produce charge-transfer complexes which could show p-type 
conduction through the columns. Iodine was chosen as the 
acceptor because of its ability to form charge-transfer com­
plexes11 and to arrange itself into (I3) _ stacks12. In addi­
tion, it has been shown13 that doping with iodine can 
increase the electrical conductivity of various polycyclic 
aromatic hydrocarbons by several pow'ers of ten.
* Address for correspondence: Prof. Dr. W. Drenth, Tel. 
030-533128/3120, Dept. Organic Chemistry, Transitorium 3, 
Padualaan 8, 3584 CH Utrecht.
Experimental
2,3,6,7,10,11-Hexabutoxy-, -pentoxy- and -hexoxytriphenylenes 
(Fig. 1) were synthesized following the method of Musgrave and
RO OR
Fig. 1. Hexaalkoxytriphenylenes.
Webster'4. Chloranil*, which is used as an oxidizing agent, together 
with its reduction product, were removed by column chromato­
graphy on silica gel using benzene as eluent. The triphenylenes 
were purified by repeated column chromatography on silica gel, 
using a mixture (9/1, v/v) of benzene and hexane as eluent, and by 
repeated crystallisation from nitromethane/chloroform.
The triphenylenes were doped by keeping the crystals for several 
weeks at room temperature in closed vessels containing elemental 
iodine.
Sample cells were prepared from glass slides coated with trans­
parent indium oxide as an electrode. The slides were separated by 
straps of an insulating spacer material (Du Pont Mylar polyester 
film) and glued together with Tra-Bond 2215 high-temperature 
epoxy adhesive. In this manner, a sample holder resulted measur­
ing 4 x 1 cm with a thickness of 20 nm. The cell was filled with a 
triphenylene in the isotropic liquid phase. The glass slides were not 
completely overlapping, allowing copper leads to be attached for 
connection to the circuit. Doped samples were prepared by filling 
the cells with doped triphenylenes in an iodine atmosphere. The 
triphenylene/iodine mol ratio amounted to approximately 10/7. 
Electrical resistances of the samples were measured by comparing 
the voltage over a serial resistance of known value with the voltage 
over the sample cell. Specific conductivities follow from the 
formula:
a  = d / ( R S )
* 2,3,5,6-Tetrachloro-2,5-cyclohexadiene-1,4-dione.
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Table 1 D SC  measurementsa.
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Compound (°C)
A H  
(kJ/mol)
^ m - m 1
(°C)
A H
(kJ/mol) (°C)
A H
(kJ/mol)
h e t 4 89.4 140.1
H ET4,iodinc
H E T /
51.4 1.6 83.6 19.2 125.4 18.9
88.6 22.7 145.6 18.5
H E T5 67 123
H E T 5,jodinc 
H ET*
51.3 C 61.3 32.4C 112.1 10.5
69 32.1 122 8.4
h e t 6 68 101
H ET6,jodinc
H E V
45.5 c 63.7 35.3C 91.1 0.4
68 35.8 97 3.5
a C crystalline phase, M and M 1 mesophase, I isotropic liquid, 
effect.
b Ref. 6.
where: C T
d
R
S
specific conductivity (ft 
thickness (m) 
resistance (ft) 
surface (m2)
-1
• m ‘)
The temperature of the samples could be controlled to ± 0 . 1°C 
using a Mettler FP5 hot stage in combination with a polarizing 
microscope, which facilitated optical observations of the samples. 
DSC measurements were performed using a Setaram differential- 
scanning calorimeter.
Results
In accordance with the nomenclature proposed by Destrade 
et al.8, we shall refer to the triphenylenes with the butoxy, 
pentoxy and hexoxy tails as HET4, HET5, and HET6, 
respectively. The triphenylenes used in our experiments 
were white-to-slightly-pink-coloured solids of high purity. 
After doping with iodine, they became dark green to almost 
black in the crystalline and mesophase, and brown-red in 
the liquid phase. Absorption and reflection spectrometry at 
room temperature showed only one broad absorption band 
in the region 300-700 nm.
Phase transitions of the samples were observed under a 
polarizing microscope. Most transitions were visible as a 
change in colour or brightness. For HET4 doped with 
iodine, three transitions are visible. At 55°C, there is a 
change in colour from dark gold to a somewhat brighter 
gold. At about 85 °C, the sample begins to turn green. 
Between 136 and 139°C the material turns into the iso­
tropic liquid. For HET5 doped with iodine, the dark gold 
colour changes into green with red dots at approximately 
56°C. At temperatures above 112° C, the mesophase gradu­
ally changes into the isotropic liquid, but only at a tempera­
ture above 142°C did all the red dots disappear. For doped 
HET6, the dark gold colour brightens at 48 °C. At 65 °C, the 
gold is tinged with green. Between 90 and 105°C, this 
mesophase gradually changes into the isotropic liquid. 
Phase transitions of doped and undoped samples were 
studied more accurately with differential-scanning calo­
rimetry. The results, presented in Table I, are in good 
agreement with the optical observations.
To investigate whether the columnar phase was still present 
in the doped samples, small-angle X-ray scattering experi­
ments were performed. The results are summarized in 
Table II. All three samples showed a columnar phase in a 
hexagonal lattice. The intercolumnar distance in the doped 
HET5 compound is slightly greater than the literature value 
of undoped HET58, which might well be due to the presence 
of iodine.
Peaks overlapping; value presented is the total enthalpy
Table II Results o f temperature dependent small-angle X-ray 
measurements.
Compound Temp, range of columnar phase (°C)
Inter-columnar 
distance (nm)
HET4/iodinc 70-140 1.87
H ETs/iodinu 60-120 2.00
HET6/iodinc 50-110 2.17
The resistances of the doped and undoped samples were 
measured as a function of temperature using the technique 
described in the experimental section. The corresponding 
specific conductivities (a) are presented in Figs. 2 and 3.
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Fig. 2. Specific conductivity of undoped triphenylenes 
A = HET4; B = H ET5; C = HET6.
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Fig. 3. Specific conductivity of doped triphenylenes 
A = HETJiodine; B = H ET'^iodine ; C = HET6/iodine.
536 J. van Keulen et al. /  Electrical conductivity in hexaalkoxytriphenylenes
For temperature ranges where plots of In a  versus \ /T  were 
linear, activation energies were calculated. These data are 
given in Table III.
Table I I I  Activation energies o f conduction.
Compound Temperature range (°C) E a (eV)
h e t 4 80-120 0.13
h e t 5 65-107 0.29
h e t 6 65-100 0.62
H E T 5/iodinc 30-55 0.14
70-95 0.26
Samples with a uniform orientation of the columns, normal 
to the electrodes, were prepared by coating the glass slides 
with mellitic acid* 15. Although this resulted in a better 
alignment as observed with the polarizing microscope it did 
not affect the conduction of the doped and undoped 
samples.
We checked the behaviour of the samples at several poten­
tial differences and found that the samples satisfied Ohm's 
law up to 3 Volts.
Since no electrochemical reactions occurred we were able 
to carry out all measurements in the low-frequency region, 
thereby avoiding capacity effects. For undoped triphenyl- 
enes, we found a significant difference between direct and 
alternating current conduction (at 17 Hz), as is represented 
in Fig. 4 for HET5. For doped samples we were unable to 
detect such differences. Minor variations in the iodine con­
centration did not affect the conductivity.
10 71 o I ft"1 m
Fig. 4. Direct current (dc) and alternating current (ac) con­
ductivity o f HET5 samples.
Discussion
A comparison of the data given in Figs. 2 and 3 shows that, 
on doping, conduction in triphenylenes increases by four to 
five orders of magnitude up to values of 10_ 3—10 ~4
Q -m . These values are comparable to the values 
obtained for fibers of HET5 doped with bromine by Chiang 
et al.9. For undoped samples, increasing temperatures result 
in increasing conductivity. Discontinuities occur at phase 
transitions, except for HET4, where the transition from 
crystalline phase to columnar phase is not visible in this 
way.
The doped samples of HET4 and HET5 show a slight 
decrease in conductivity after the first phase transition. For 
HET4, the other phase transitions are clearly visible. The 
highest conduction occurred in the columnar phase. For 
HET5, conduction increases gradually after the second 
phase transition and remains constant at temperatures 
above 110°C. In this region, there is a gradual transition 
from mesophase to isotropic liquid. The conductivity of
* Benzenehexacarboxylic acid.
HET6 starts to increase after the first phase transition and 
reaches a maximum value at 86 °C. Conductivity sub­
sequently decreases and stabilizes when the isotropic liquid 
phase is reached.
In conclusion, it can be stated that, in the doped samples, 
irregularities or discontinuities in the conductivity coincide 
with phase transitions. The highest conductivities are 
measured in the columnar phases, although the differences 
in conductivity between the columnar and the other phases 
are not spectacular.
Since, for doped samples, ac and dc conductivities are 
equal, we conclude that electron conduction predominates 
over ionic conduction. It is apparent that no polarizing 
effect as a result of accumulation of ions at the electrodes 
occurs.
Since there are only minor differences in conductivity 
between columnar and other phases, we may conclude that 
electron transport through the columns is not a major route 
of charge transport. The absence of any effect of alignment 
on conductivity is in line with this conclusion.
Conclusion
Hexaalkoxytriphenylenes can be doped with iodine to pro­
duce liquid crystalline materials exhibiting columnar 
phases. Electron conductivity of the doped triphenylenes is
in the region of 10 --10  Q -m which is five orders 
of magnitude higher than that of the undoped compounds.
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